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Brain connectivity after mild traumatic brain injury (mTBI) has not been investigated
longitudinally with respect to both functional and structural networks together within
the same patients, crucial to capture the multifaceted neuropathology of the injury and
to comprehensively monitor the course of recovery and compensatory reorganizations
at macro-level. We performed a prospective study with 49 mTBI patients at an
average of 5 days and 1 year post-injury and 49 healthy controls. Neuropsychological
assessments as well as resting-state functional and diffusion-weighted magnetic
resonance imaging were obtained. Functional and structural connectome analyses
were performed using network-based statistics. They included a cross-sectional group
comparison and a longitudinal analysis with the factors group and time. The latter
tracked the subnetworks altered at the early phase and, in addition, included a
whole-brain group× time interaction analysis. Finally, we explored associations between
the evolution of connectivity and changes in cognitive performance. The early phase
of mTBI was characterized by a functional hypoconnectivity in a subnetwork with a
large overlap of regions involved within the classical default mode network. In addition,
structural hyperconnectivity in a subnetwork including central hub areas such as the
cingulate cortex was found. The impaired functional and structural subnetworks were
strongly correlated and revealed a large anatomical overlap. One year after trauma and
compared to healthy controls we observed a partial normalization of both subnetworks
along with a considerable compensation of functional and structural connectivity
subsequent to the acute phase. Connectivity changes over time were correlated with
improvements in working memory, divided attention, and verbal recall. Neuroplasticity-
induced recovery or compensatory processes following mTBI differ between brain
regions with respect to their time course and are not fully completed 1 year after trauma.
Keywords: mild traumatic brain injury, longitudinal, network recovery, functional connectivity, structural
connectivity, graph theoretical analysis, plasticity
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INTRODUCTION
Mild traumatic brain injury (mTBI) has an annual incidence
of 100–300 cases per 100,000 persons, if counting only patients
treated in hospitals (Cassidy et al., 2004). Although the
majority of patients have a spontaneous history of favorable
remission, mTBI can lead to long-term symptoms characterized
by cognitive, emotional, and physical disturbances. These
symptoms are referred to as post-concussion disorder (PCD).
It is increasingly being recognized that conventional diagnostic
neuroimaging and measures of cognitive function are not suitable
to predict outcomes and neuronal compensation after mTBI.
Graph theoretical analysis supplies a straightforward way to
evaluate complex neuronal networks (Bullmore and Sporns,
2009; Zalesky et al., 2010) as well as changes in connectivity
following disrupted neuronal systems (Nakamura et al., 2009).
In this respect, neuroimaging studies that combine functional
and structural investigations of neuronal networks provide a
more comprehensive picture of the neuroplasticity after mTBI.
Furthermore, there have been only a few multimodal imaging
studies aimed at elucidating the transitions between early and
later stages of mTBI compared to the course of the healthy
brain. Longitudinal magnetic resonance imaging (MRI) studies
focusing on connectivity changes after mTBI have already been
described, but these reported mixed findings, investigated only
one MRI modality and had short follow-up periods. For example,
some restoration of network dysfunction has been described over
a period of 6 months after mTBI using longitudinal resting state
functional MRI (rsfMRI) within a specific frequency range in
the default mode network (DMN; Sours et al., 2015a). During
the same time window, another study revealed recovery from
diffuse decreased connectivity in the acute phase after injury,
with the majority of the changes seen between 3 and 6 months
and not between 0 and 3 months (Bharath et al., 2015). A trend
of slow normalization within the DMN was even reported in a
small pilot study with concussed athletes from day 7 to day 30
compared with the control group (Zhu et al., 2015). Mainly due
to the very limited number of longitudinal connectomic studies,
the relationship between restored functional connectivity over
time and the corresponding changes in measures of cognitive
functioning is just beginning to be explored (Bharath et al.,
2015). On the contrary, other longitudinal studies did not reveal
any functional recovery of initially decreased connectivity within
the DMN and greater connectivity between the DMN and the
prefrontal cortex (PFC) across a 4-month (Mayer et al., 2011) or
a 6-month recovery period (Sours et al., 2015b).
In the existing mTBI literature, we did not identify studies
looking at the longitudinal reorganization of structural network
topology. Complementary, classical diffusion tensor imaging
(DTI) studies reported about equal evidence of both increased
and decreased fractional anisotropy (FA) in adult samples during
the semi-acute phase (Dodd et al., 2014). However, when focusing
on studies conducted in acute mTBI rather increased FA has
been revealed, while decreased FA findings are reported more
frequently for post-acute studies (Eierud et al., 2014).
Studies of functional and structural connectivity changes
during recovery after moderate and severe traumatic brain
injury (TBI) are also relatively sparse and recent. By examining
regional changes in the DMN, functional alteration has been
demonstrated during a recovery period of 6 months after
severe TBI (Hillary et al., 2011). The patients improved their
performance on a working memory task and showed increased
connectivity in the posterior cingulate cortex (PCC) and medial
PFC, regions associated with internal-state responsivity. Another
study on severe TBI aimed at delineating the progression of
traumatic axonal injury in major fiber tracts over 6–11 months
post-injury found that tractography-based measurements, which
improved, remained stable, or deteriorated further, correlated
with patients’ long-term outcome ranging from good recovery
to severely disabled (Wang et al., 2011). Nevertheless, all
investigated white matter tracts showed systematic deterioration
at group level.
We conducted a 1-year prospective study that tracks large-
scale functional and structural network alterations in a cohort
of mTBI patients compared to healthy controls. In addition, we
explored how alterations of functional and structural connectivity
are related to each other and how they are related to changes in
cognition. A final objective of the current study was to determine
whether mTBI patients with PCD would exhibit a different
recovery trajectory in functional and structural connectivity,
when compared with those without PCD.
MATERIALS AND METHODS
Participants: Demographic and Clinical
Data
A total of 60 patients with mTBI and 58 healthy controls matched
for gender, age, and education were prospectively recruited
between February 2012 and March 2014. Healthy subjects were
recruited through public advertising and among acquaintances
of researchers and staff. The diagnosis of mTBI was given
in accordance with the European Federation of Neurological
Societies guidelines (Vos et al., 2012) using standardized criteria
across the emergency departments of four hospitals in the
German region of Switzerland. Inclusion criteria comprised
(1) a Glasgow Coma Scale (GCS) score of 13–15 at hospital
admission; (2) a normal cranial computed tomography (CT); (3)
at least one of the following characteristics: loss of consciousness
<30 min; presence of a qualitative alteration in mental status
such as confusion, disorientation, or dizziness at the time
of incident; post-traumatic amnesia <60 min; and retrograde
amnesia <30 min; and (4) age ranging between 18 and 64
years. Exclusion criteria were as follows: history of neurologic
or psychiatric disease, neurosurgery, previous TBI, attention-
deficit/hyperactivity disorder (ADHD), current or previous drug
or alcohol abuse, and contraindications to MRI. A previous
mTBI in the preceding 3 months before investigation was an
exclusion criteria. Nine patients and five controls were excluded
because of incidental brain anomalies (two patients and one
control), excessive MRI-related motion artifacts (two patients),
history of prior neurologic or psychiatric disturbance (two
patients and three controls), questionable diagnosis of mTBI
(one patient) and uncertain follow-up participation (two patients
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and one control). This resulted in a sample of 51 patients
and 53 controls. Patients were investigated clinically and brain
images were acquired within 7 days post-injury (Visit 1, acute
phase) and reinvestigated 1 year later (Visit 2, referred to as
chronic phase). Within the same time interval, control subjects
completed the identical assessments as the patients, expect for
the neurological examination carried out by neurologists. Only
participants who completed the entire investigation process
across the two visits and were free of structural anomalies on
conventional MR images were admitted for the longitudinal
analysis reported here. Of the initial sample, 49 patients and
all 53 controls returned for the follow-up visit (one patient
moved abroad and another one was pregnant at Visit 2). To
guarantee an exact one-to-one matching of patients and controls,
the size of the control cohort was further restricted to 49
subjects. The four artificially excluded healthy subjects were
representative of our healthy control group. The average time
interval between scans was 365.9 days (SD = 4.0 days) for the
patients as well as 364.6 days (SD = 5.1 days) for the controls.
All subjects were equally reimbursed to make up for income
lost due to study participation. Two Swiss Cantonal Ethics
Committees (Ethics Committee Zurich and Ethics Committee for
Northwest/Central Switzerland) approved the study protocol and
all participants provided written informed consent prior to their
participation.
Neuropsychological Assessment
A full battery of standardized and validated neuropsychological
tests designed to be sensitive to diverse cognitive impairments
commonly observed following mTBI was applied. These tests
included measures of attention, executive functions, working
memory, verbal memory as well as intelligence and measures
of effort. In addition, clinical questionnaires were used to assess
mTBI-related symptomatology as well as to control reactive
manifestations of depression and anxiety. The descriptions of
cognitive tests and clinical questionnaires are provided in the
Supplementary Material. A PCD was established at Visit 2 based
on subjective symptoms from the Rivermead Post-Concussion
Symptoms Questionnaire (RPQ) (King et al., 1995). The RPQ
assesses the most common PCD symptoms spanning cognitive,
emotional and physical domains. At Visit 2, patients reporting
three or more post-concussion symptoms rated as moderate
to severe problems were pooled into a patient subcohort
experiencing chronic PCD.
Image Acquisition Protocols and
Preprocessing
Recordings included the following sequences: (a) resting-state
T2∗-weighted fMRI, (b) volumetric 3D T1-weighted MRI, (c)
diffusion-weighted spin echo-planar imaging, (d) T1-weighted
B0 map, (e) susceptibility-weighted imaging, (f) dual spin-echo
(T2- and proton-density-weighted) as well as (g) fluid attenuated
inversion recovery scans. Standard clinical MRI scans were
evaluated at both time points by the same certified radiologist in
order to detect intraparenchymal pathology (e.g., hemorrhages,
tumors) considered as exclusion criteria. Details of functional
and structural MRI data acquisition parameters are completely
reported in the Supplementary Material.
Preprocessing of rsfMRI and DTI data as well as the
construction of functional and structural connectivity networks
are described in detail in the Supplementary Material.
Statistical Analyses
Functional and Structural Connectivity Analyses
Connectivity analyses were based on a 90-node whole-brain
network constructed from the 90-region automated anatomical
labeling atlas (Tzourio-Mazoyer et al., 2002), one node for each
region of interest (ROI). Concerning functional connectivity, for
each region a mean resting state time series was calculated as the
mean over all voxel-time series of the respective region (mean
ROI-time series). Functional connectivity measures are partial
correlations accounting for white matter, cerebrospinal fluid,
global signal, and for 24 head motion parameters (Friston-24).
Fisher’s z-transformed Pearson’s correlation coefficients of mean
ROI-time series pairs were taken as connectivity measure. For
structural connectivity analysis, the numbers of streamlines
connecting each pair of ROIs were used as connectivity
measures. These values in form of connectivity matrices were
subject to network-based statistic (NBS). NBS is a validated
non-parametric method and a tool for identifying statistically
significant subnetworks of a given network (connectivity matrix;
Zalesky et al., 2010). Using a family-wise error rate control
with p < 0.05, NBS accounts simultaneously for multiple
hypotheses testing over all edges of a network. To explore
the potential linkage between number of streamlines and more
traditional diffusion measures, mean FA (averaged across all
streamlines connecting two ROIs) of the subnetwork of interest
was also calculated. Group comparisons at Visit 1 and interaction
analyses were computed directly with NBS with the component
extent option, significance level alpha = 0.05 corrected for
multiple comparisons, one-sided hypothesis testing and 5,000
permutations per statistical test. The reported t-thresholds are
sensitivity (set) thresholds (Zalesky et al., 2010) and were
used to determine which edges of the connectivity matrix
form the largest subnetwork subjected to permutation statistics.
These thresholds have to be determined by exploration and
are chosen in an arbitrary way. Specifically, the set t-threshold
does not affect the false positive rate of the actual permutation
statistic of the alpha error probability. Results of the network
analyses were visualized using the BrainNet Viewer software
(Xia et al., 2013). In NBS, we firstly ran a two-sample t-test
for each of the possible 4,005 (90 × 89/2) connections to
capture significant whole-brain difference in functional and
structural connectivity between the patient and control groups
at Visit 1. We then analyzed group × time interaction
using NBS selecting exclusively the subnetwork identified as
significant from the differences observed between groups at
Visit 1 (selective interaction). For this purpose, we subtracted
the Fisher’s r-to-z-transformed Pearson’s correlation coefficients
(functional connectivity) and the number of reconstructed
streamlines (structural connectivity) at Visit 2 from those at
Visit 1 each resulting in a difference map operationalizing
Frontiers in Human Neuroscience | www.frontiersin.org 3 May 2017 | Volume 11 | Article 280
fnhum-11-00280 May 27, 2017 Time: 14:59 # 4
Dall’Acqua et al. Functional and Structural Recovery after mTBI
the change over time. If the interaction analyses resulted in
significant subnetworks, we exported the data to IBM SPSS
statistics software (22.0) and ran 2 (group) × 2 (time) repeated
measures analysis of variances (ANOVAs) on connectivity values
averaged across all edges of the significant subnetwork. In this
way, we uncovered the direction of the interaction within the
identified subnetworks as well as the main effects (between and
within groups). The selective approach chosen here has the
advantage of tracking the impaired subnetwork found at Visit 1,
but has the disadvantage of overlooking possible differences
not present within the first few days after mTBI. Therefore,
we also assessed whole-brain group × time interactions for
both functional and structural connectivity, independently from
the initial level of network impairment. Finally, functional
group differences (mean functional connectivity strength over
a significant functional subnetwork) were correlated with
structural group differences (mean structural connectivity
strength over a significant structural subnetwork) at Visit 1 using
Pearson’s correlation. Additional correlations were calculated
between functional and structural changes resulting from the
selective group× time interactions. These post hoc analyses were
performed using SPSS and a significance level of 0.05 (two-sided,
unless otherwise indicated) was applied. The effect sizes for
group comparisons were computed according Cohen’s d along
with their associated 95% confidence intervals (CIs) and the
effect sizes for group × time interactions were computed using
partial eta-square and then converted to Cohen’s d using formula
reported elsewhere (Cohen, 1988). Cohen suggested defining the
effect size as small (d = 0.2), medium (d = 0.5), and large
(d = 0.8). Within- and between-group comparisons of the head
motion parameters have been performed with t-tests using SPSS.
Associations between Cognitive Performance and
Network Metrics
Cross-sectional differences in demographic and
neuropsychological characteristics between groups were
determined using unpaired t-tests and longitudinal differences
within each group were performed using paired t-tests.
Correlations between longitudinal changes in functional and
structural mean connectivity strengths and longitudinal changes
in cognitive performance were examined within the patients
group only. These correlations were conducted using partial
correlations controlling for age, education, and total gray
matter volume (for functional connectivity) or age, education,
and total white matter volume (for structural connectivity).
All associations between cognitive performance and network
metrics were run in SPSS with partial Spearman rank-order
correlations (rho) that also account for the influence of outliers
in the neuropsychological measurements.
RESULTS
Participant Characteristics and
Neuropsychological Measures
Table 1 summarizes the characteristics of the patients (n = 49)
and of the healthy controls (n = 49) included in the final
sample. Note that there were no significant differences in
potential demographic confounders or in the time interval of
MRI acquisitions between the two groups.
The mean age of the patients was 34.9 years (range 18–61
years) and that of the controls was 35 years (range 18–60 years).
At arrival in the emergency department, the majority of the
patients (n = 40) had an initial GCS of 15, eight patients were
admitted with 14 and one patient with 13. Neuroimaging and
neuropsychological investigations were performed at an average
of 4.9 days (SD = 1.5 days) and 5.3 days (SD = 1.6 days)
post-injury, respectively. Compared to the well-matched control
group, patients with mTBI showed initial worse performance
across a subset of cognitive tasks and greater impairments on
questionnaire-based clinical measures. In particular, patients
exhibited significantly higher symptom severity on the RPQ. At
follow-up, cognitive recoveries as well as clinical improvements
have been observed, although higher scores of post-concussive
symptoms were still measured in patients. Six of 49 patients
were identified as having a chronic PCD (about 12%) on the
basis of their symptoms reported 1 year after the injury and the
remaining 43 patients had a good outcome. We did not observe
any differences in age (p = 0.19), sex (p = 0.65), and GCS
(p = 0.83) between the patients with and without chronic PCD.
However, there was a statistical trend in the years of education
(mean/SD: 12.84/2.5 years for good outcome, 10.83/1.5 years
for bad outcome, p = 0.06) with chronic PCD-patients having
fewer years of schooling. All participants showed good effort on
tests of symptom validity. The corrected p-values for all 49 tests
adjusted using false discovery rate (FDR) correction are reported
in Supplementary Table 1.
There were no statistically significant group differences in
head motion parameters of both the functional and structural
MRI scans neither between groups at both time points nor
between time points within groups. For the rsfMRI data,
mean frame-wise displacements computed according the method
proposed by Power et al. (2012, 2015) and for the DTI data,
mean frame-wise translations and rotations computed according
the method proposed by Yendiki et al. (2014) were small and
comparable between groups at both time points and between
time-points within groups.
Functional and Structural Connectivity
Analyses—Group Comparison
At Visit 1, functional hypoconnectivity within a 15-edge
subnetwork distributed over 15 nodes was detected in the
mTBI group compared to controls (Cohen’s d = 1.59,
95% CI= 1.138–2.046, p = 0.0057). The pattern of this
subnetwork with reduced functional connectivity consisted
almost exclusively of bilateral structures (12 of 15 nodes)
such as the anterior cingulate cortex (ACC), PCC, precuneus,
Heschl’s gyrus, superior temporal gyrus (STG) and temporal pole
(TP). In addition, the parahippocampal gyrus, amygdala, and
supplementary motor area (SMA) were only present in the right
hemisphere (Figure 1 and Supplementary Table 2).
The profile of the altered edges showed 10 inter- and
five intra-hemispheric connections. Of note, seven of the 15
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edges involved the nodes ACC or PCC. Briefly, the impaired
functional subnetwork revealed many key nodes of the classical
DMN.
In the cross-sectional structural analysis, patients showed
a widespread increase in connectivity compared to controls
(Cohen’s d = −1.71, 95% CI = −2.168 to −1.243, p = 0.041).
Structural hyperconnectivity was detected in a 53-edge
subnetwork distributed over 52 nodes comprising connections
encompassing frontal, temporal, parietal, occipital, and
subcortical regions (Figure 2 and Supplementary Table 3).
Of the 53 edges, 48 were intra-hemispheric, whereas 36 of
the 52 nodes were bilaterally represented, including ACC, PCC,
precuneus, and TP. This increase in the number of streamlines
between these nodes in the mTBI group also corresponded
to a significant increase in FA as well as to a decrease in
global efficiency and an increase in normalized characteristic
path length compared with healthy controls (see Supplementary
Results). No brain area showed functional hyperconnectivity or
structural hypoconnectivity in patients relative to controls. We
also estimated the reproducibility of the structural finding, which
TABLE 1 | Characteristics of patient and control groups.
Visit 1 (acute phase) Visit 2 (chronic phase) Repeated measures
Patients
(n = 49),
mean (SD)
Controls
(n = 49),
mean (SD)
p-Value
(patients
vs.
controls)
Patients
(n = 49),
mean (SD)
Controls
(n = 49),
mean (SD)
p-Value
(patients
vs.
controls)
p-Value
(patients)
p-value
(controls)
Demographics and clinical measures
Age (years) 34.9 (12.4) 35 (12.1) 0.96 35.9 (12.4) 36 (12.1) 0.96 n/a n/a
Gender (male/female) 18/31 18/31 1.00 18/31 18/31 1.00 n/a n/a
Education (years) 12.6 (2.5) 12.9 (2.4) 0.49 12.7 (2.5) 13 (2.5) 0.44 0.02 0.01
Days between scans – – – 365.9 (4.0) 364.6 (5.1) 0.18 – –
Glasgow Coma Scale 14.8 (0.4) – – – – – – –
mTBI in the past 0.6 (0.9) 0.4 (0.8) 0.18 – – – – –
Global brain measures
Total gray matter
volume (cm3)
650.4 (67.3) 649.1 (55.3) 0.92 649.5 (66.5) 646.7 (54.4) 0.82 0.71 0.15
Total white matter
volume (cm3)
474.1 (58.8) 478.3 (38.4) 0.68 474.8 (59.6) 477.7 (37.7) 0.77 0.43 0.39
Global connectivity measures (90 nodes)
Number of streamlines 2,159,848 2,147,650 0.78 2,158,364 2,162,031 0.93 0.89 0.08
Streamlines omitted 1,375,985 1,353,384 0.39 1,368,688 1,362,667 0.81 0.41 0.17
Streamlines used to
populate matrix
832,699 840,888 0.75 837,946 846,829 0.73 0.55 0.39
Selfloops 468,174 464,983 0.79 468,230 466,147 0.86 0.99 0.65
Neuropsychological assessment
RPQ (total score) 14.2 (10.8) 2.8 (3.9) <0.001 7 (9.9) 2.5 (4.4) 0.005 <0.001 0.54
Alertness, tonic (ms) 243.2 (53.4) 220.4 (20.5) 0.007 219.2 (20.9) 216.9 (20.2) 0.59 0.004 0.16
Alertness, phasic (ms) 244.7 (70.2) 221.4 (22.8) 0.03 215.9 (18.1) 216 (21.2) 0.99 0.01 0.10
Go/No-go (ms) 398.3 (69.1) 370.1 (45.2) 0.02 380.4 (62.2) 359.2 (46.1) 0.06 0.02 0.04
Go/No-go (errors) 0.9 (1.2) 1.0 (1.1) 0.61 0.9 (0.9) 0.9 (0.9) 0.83 0.73 0.45
Divided attention,
auditory (ms)
584.9 (94.4) 559.6 (75.4) 0.15 553.8 (70.9) 532.6 (68.2) 0.13 0.03 0.01
Divided attention,
visual (ms)
805.9 (105.1) 756.9 (89.2) 0.01 741.7 (90.7) 706.2 (82.5) 0.05 <0.001 <0.001
Working memory 5.4 (1.2) 5.8 (1.3) 0.05 5.9 (1.4) 6 (1.2) 0.64 0.001 0.39
AVLGT immediate
recall score
57.5 (6.9) 59.4 (6.9) 0.18 61.9 (6.1) 63.3 (6.8) 0.33 <0.001 <0.001
AVLGT long delayed 12.9 (1.8) 13.2 (1.9) 0.48 13.9 (1.6) 14.1 (1.2) 0.48 0.002 <0.001
BDI-II (score) 6.4 (5.8) 3.5 (4.4) 0.01 4.1 (4.8) 2.8 (4.3) 0.17 0.003 0.28
BAI (score) 2.8 (6.6) 0.6 (2.2) 0.03 1.9 (4.5) 0.14 (1.0) 0.01 0.40 0.04
Intellectual ability (IQ) 101.2 (15.1) 107.8 (14.5) 0.03 – – – – –
Performance validity
(MSVT)
– – – Good effort Good effort
n/a, not applicable; RPQ, Rivermead Post-Concussion Symptoms Questionnaire; AVLGT, German adaptation of the Rey Auditory Verbal Learning Tests (RAVLT); BDI-II,
Beck Depression Inventory, 2nd edition; BAI, Beck Anxiety Inventory; MSVT, Medical Symptom Validity Test.
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FIGURE 1 | Subnetwork with reduced functional connectivity in the mTBI
sample at Visit 1 (group comparison). Blue points correspond to the 15 nodes
of the subnetwork and red lines represent the 15 suprathreshold connections
that showed reduced functional connectivity in mTBI patients, compared with
healthy controls. Cohen’s d = 1.59, 95% CI = 1.138–2.046, p = 0.0057,
corrected for multiple comparisons. The NBS-specific set threshold forming
the component was set to t = 3.16. More details about the connections of this
subnetwork can be found in Supplementary Table 2. ACC, anterior cingulate
cortex; AMYG, amygdala; PCC, posterior cingulate cortex; PHG,
parahippocampal gyrus; SMA, supplementary motor area; STG, superior
temporal gyrus; TPmid, middle temporal pole; TPsup, superior temporal pole.
were obtained using the “eddy_correct” tool, with that obtained
by employing the “eddy” tool for the correction of eddy currents
including parallel the average of the mean of translational and
rotational motion estimation parameters as a nuisance regressor
in the analysis with NBS. A common artifact in diffusion
imaging is signal attenuation caused by macroscopic head
motion (Yendiki et al., 2014). We demonstrated reproducible
mTBI-related group differences across the different corrections
of eddy current-induced distortions (see Supplementary Results).
The fact that both results were qualitatively comparable may be
attributable to the low b-value of 1,000 s/mm2 (Andersson and
Sotiropoulos, 2016).
Functional and Structural Connectivity
Changes Over Time—Interaction
The group × time interaction of the impaired subnetworks
defined at Visit 1 (selective interaction) displayed significant
results in both functional and structural connectivity. Firstly, a
significant functional change was identified in the whole 15-edge
subnetwork (Cohen’s d = 0.9, 95% CI = 0.490–1.321, p = 0.002;
Figure 3A and Supplementary Table 4).
FIGURE 2 | Subnetwork with increased structural connectivity in the mTBI
sample at Visit 1 (group comparison). Blue points correspond to the 52 nodes
of the subnetwork and red lines represent the 53 suprathreshold connections
that showed increased structural connectivity in mTBI patients, compared
with healthy controls. Cohen’s d = –1.71, 95% CI = –2.168 to –1.243,
p = 0.041, corrected for multiple comparisons. The NBS-specific set
threshold was set to t = 1.87. More details about the connections of this
subnetwork can be found in Supplementary Table 3.
The exploration of this longitudinally altered subnetwork
showed that an increase in the mean functional connectivity
within the patient sample and a decrease within the control
sample were responsible for the significant interaction observed
(Figure 3B). The group effect within the 15-edge subnetwork
reached a marked difference at Visit 1 that shifted into a
weaker, but still statistically significant difference at Visit 2. When
only the 43 patients with good outcome were considered, the
group difference at 1 year post-injury was smaller (Figure 3C).
Furthermore, the effect of time for each group separately showed
significant evolution in the connections’ strength. The recovery
curve in patients with persistent PCD (n = 6) was rather flat
compared with that of patients with good outcome (n = 43),
even though statistical analysis on a small sample size should be
interpreted with caution.
Secondly, the group × time interaction of structural
connectivity within the 53-edge subnetwork resulting from
the group comparison at Visit 1 (selective interaction)
revealed significant alterations in two distinct subnetworks
(Supplementary Table 5). One subnetwork was concentrated in
the frontal part of the left hemisphere and showed a profile of
19 edges distributed over 19 nodes (Cohen’s d = −0.72, 95%
CI=−1.132 to−0.315, p= 0.025, subnetwork 1A in Figure 4).
The second subnetwork was concentrated in the right
hemisphere and consisted of 18 connections distributed over
19 nodes (Cohen’s d = −0.71, 95% CI = −1.12 to −0.303,
p = 0.035, subnetwork 2A in Figure 4). The splitting into
two subnetworks was due to the fact that only five of 53
connections composing the initially altered subnetwork were
inter-hemispheric. Both structural subnetworks demonstrating
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FIGURE 3 | Functional changes over 1 year within the initially impaired 15-edge subnetwork (selective group × time interaction). (A) The NBS-specific set threshold
was set to t = 0 in order to admit all possible connections of the 15-edge subnetwork to the set of suprathreshold links showing a change over time (Cohen’s
d = 0.9, 95% CI = 0.490–1.321, p = 0.002, corrected for multiple comparisons). (B) The significant repeated-measures effect resulted from an increase in the mean
correlation coefficient within the patient sample along with a decrease within the control sample. The time effect for each group revealed significant evolutions over 1
year. (C) The line graph is color-coded orange and brown corresponding to patients with good (n = 43) and poor outcome (n = 6), respectively. The group difference
was smaller at 1 year post-injury when only the 43 patients with good outcome were considered. Repeated measure over the subset of patients with good outcome
versus controls revealed a more rapid trajectory toward normalization. At a descriptive level, the recovery curves in patients developing chronic post-concussive
syndrome were somewhat flat. More details about the connections of this subnetwork can be found in Supplementary Table 4.
changes over time revealed decreased connectivity for the
patients along with increased connectivity for the controls
(Figure 4).
At the initial visit, the group effect was strong for both
subnetworks. One year later, both structural subnetworks
normalized in individuals with mTBI, but the recovery was
not complete since the mean of streamlines was still increased
compared to controls. No significant difference was found
between patients with and without PCD at Visit 2. When focusing
on the group analyses on the subcohort of patients without
PCD at follow-up, the difference to the control group was no
more significant for the 18-edge subnetwork, but still evident
for the 19-edge subnetwork. The time effect in the patients with
good outcome approached levels of a weak trend, whereas the
trajectories of patients with persistent PCD were rather flat for
both subnetworks (Figure 4). Please note, findings should be
interpreted with caution due to the small number of patients with
chronic PCD (n= 6).
Other figures showing the functional and structural
connectivity changes over time at individual level can be
found in the Supplementary Figures 5–7.
The group× time interaction analysis of FA indicated a trend
toward decreased mean FA for the patients over time and is
reported in the Supplementary Results.
Finally, whole-brain group × time interactions for functional
and structural connectivity were investigated. The functional
subnetwork detected consisted of 59 edges distributed over 48
nodes and the structural subnetwork encompassed 1,023 edges
distributed over all 90 nodes (Figure 5 and Supplementary
Table 6).
Although with more nodes and connections, similar scenarios
as for the selective interactions were observed for the whole-brain
interaction: functional connectivity increased (Cohen’s d = 1.87,
95% CI = 1.402–2.353, p = 0.045) while structural connectivity
decreased within the patients over time (Cohen’s d = −1.85,
95% CI=−2.325 to−1.378, p= 0.045). In contrast to the partial
recoveries of the functional and structural connections found
in the selective interactions, whole-brain interactions revealed
a steeper recovery trajectory in the patients (functional and
structural time effect p < 0.001) independent of the severity of
symptoms at Visit 2 (Figure 5). Neither the structural nor the
functional connectivity alterations revealed by the selective as
well as whole-brain interactions were statistically significantly
correlated with age, for both across and within groups.
Function–structure overlapping
Looking at the anatomical patterns of the brain subnetworks
described above, lots of impaired but also recovered nodes of
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FIGURE 4 | Structural changes over 1 year within the initially impaired 53-edge subnetwork (selective group × time interaction). The NBS-specific set threshold was
set to t = 0 in order to admit all possible connections of the 53-edge subnetwork to the set of suprathreshold links showing a change over time. (A1) Subnetwork 1
encompassed 19 edges and is accentuated toward the left hemisphere (Cohen’s d = –0.72, 95% CI = –1.132 to –0.315, p = 0.025, corrected for multiple
comparisons). (A2) Subnetwork 2 comprised 18 edges and is accentuated toward the right hemisphere (Cohen’s d = –0.71, 95% CI = –1.120 to –0.303, p = 0.035,
corrected). (B1,B2) A decrease in the number of streamlines in the patient sample and an increase in the control sample were responsible for the significant
repeated-measures effect. The time effect was significant in the controls, but only weakly trend in the patients. (C1,C2) When focusing on the group analyses of the
subcohort of patients without post-concussive syndrome (n = 43, orange trajectory) at follow-up, the difference to the control group was no longer significant for the
18-edge subnetwork, but still evident for the 19-edge subnetwork. There was no significant difference between patients with and without PCD at Visit 2. More details
about the connections of this subnetwork can be found in Supplementary Table 5.
the functional and structural connectivity analyses were exactly
the same. At Visit 1, the common damaged nodes encompassed
bilateral ACC and PCC, precuneus, right STG, right SMA, right
parahippocampal gyrus, right amygdala as well as left Heschl’s
gyrus and left TP. Of these, all structures except for left PCC, left
Heschl’s gyrus and left STG were also involved in the post-injury
recovery phase (Figure 6).
Informed by functional hypoconnectivity and structural
hyperconnectivity in the patients at Visit 1 and in accordance
with observations from studies with moderate/severe TBI that
detected more white matter disruption in patients with less
functional connectivity within the DMN (Sharp et al., 2011),
we hypothesized a relationship between the structurally and
functionally impaired subnetworks. Indeed, we found a negative
correlation between the strength of the functional with that of
the structural subnetwork at Visit 1 (r = −0.243, p = 0.046,
one-sided) in the group of mTBI patients, but not in controls
(r = −0.088, p = 0.547). Hence we observed that the stronger
the hypoconnectivity in the functional circuits the stronger the
hyperconnectivity in the structural circuits.
Finally, we tested the possibility that functional connectivity
reorganizations over time were affected by underlying structural
reorganizations by means of restoration of diffuse axonal injuries.
No significant correlations were found between longitudinal
changes in the functional network with those in the structural
network, neither for the selective nor for the whole-brain
interaction analyses.
Relationship between Network and
Cognition Over Time
Relationships between alterations in mean connectivity
(functional and structural) and in cognitive performance
across time points were assessed within the mTBI sample only.
Here, the results are reported one-sided since we expected that
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FIGURE 5 | Functional and structural large-scale changes over 1 year (whole-brain group × time interaction). The NBS-specific set threshold for the functional
connectivity was set to t = 2.42, while that of the structural connectivity was set to t = 0.65. (A1) A functional subnetwork composed of 59 edges and 48 nodes was
detected (Cohen’s d = 1.87, 95% CI = 1.402–2.353, p = 0.045, corrected for multiple comparisons). (A2) A widespread structural subnetwork composed of 1,023
edges and 90 nodes was found (Cohen’s d = –1.85, 95% CI = –2.325 to –1.378, p = 0.045, corrected). (B1) At the large-scale level, functional connectivity
increased in mTBI patients over time, (B2) whereas structural connectivity decreased. The p-values in the figure refer to the group effect of the patients without
chronic post-concussive syndrome plotted against the healthy controls. More details about the connections of the functional subnetwork can be found in
Supplementary Table 6. Due to the large number of connections affected, no table is provided for the structural subnetwork.
long-term alterations in connectivity would be associated with
the—in the literature widely reported—cognitive improvement
over time. We found significant correlations between functional
recovery and performance improvement in a working memory
test (rho = −0.350, p = 0.008) as well as in the speed of a
divided attention task of visual stimuli (rho = 0.333, p = 0.012,
Figure 7A). Decrease in functional connectivity strength of
the 15-edge network, reflecting the ability to deactivate this
DMN-like network, was associated with improvement in the
performances of two executive tasks.
In addition, we identified a positive correlation between
structural connectivity changes and improvement in a
long-delayed recall test of verbal memory (rho = 0.348,
p = 0.009, Figure 7B) as well as in a divided attention task
(rho = −0.262, p = 0.039). The observed correlations were,
however, not corrected for multiple testing. After the FDR
adjustment tested across 30 correlations [product of 10 test
scores and (i) the recovered functional subnetwork as well as
recovered structural subnetworks 1 (ii) and 2 (iii), respectively],
uncorrected significances did not survive the FDR correction
(Supplementary Table 7). No correlations were found in patients
neither for any other neuropsychological assessments nor for the
clinical measurements.
DISCUSSION
The present study tracks, for the first time to the best of
our knowledge, large-scale dynamics of resting-state functional
and DTI-based structural connectivity over a period of 1-
year following mTBI in a relatively large sample of 49 mTBI
patients and 49 controls. We revealed three main findings:
(i) The acute scenario of the injured brain started with
functional hypoconnectivity in a subnetwork broadly analogous
to the classical DMN and structural hyperconnectivity in a
subnetwork involving widespread brain areas. The initially
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FIGURE 6 | Function–structure overlapping. (A) Red points illustrate nodes
impaired acutely after mTBI in both functional and structural connectivity
analysis (group comparison at Visit 1). (B) Green points display partially
recovered nodes over time at both functional and structural level (selective
group × time interaction). ACC, anterior cingulate cortex; AMYG, amygdale;
PCC, posterior cingulate cortex; PHG, parahippocampal gyrus; SMA,
supplementary motor area; STG, superior temporal gyrus; TPsup, superior
temporal pole.
impaired functional and structural architectures were not only
inversely related to each other, but also revealed a considerable
anatomical overlap. (ii) Longitudinally, we demonstrated a
partial recovery of both subnetworks disturbed at Visit 1, along
with additional, considerable compensation of functional and
structural connectivity patterns altered subsequent to Visit 1. (iii)
We provided evidence that connectivity changes over time were
clinically relevant.
Alterations in Functional and Structural
Connectivity in the Acute Phase
Considering the lack of consensus about the location of
mTBI-induced brain alterations and the distributed effect of
diffuse axonal injuries on the brain, we employed a whole-brain
rather than a seed-based hypothesis-driven approach.
Functional Connectivity
Firstly, the functional analysis detected a subnetwork of reduced
connectivity in patients composed of 15 connections and 15
nodes. Of these, 11 nodes are known to be part of the DMN,
namely bilateral PCC, ACC, precuneus, STG, TP, and the
right parahippocampal gyrus (Greicius et al., 2003; Buckner
et al., 2008). Furthermore, this subnetwork, composed of mostly
inter-hemispheric connections, exhibited four additional nodes
arranged outside the DMN components, i.e., bilateral Heschl’s
gyrus, right SMA and right amygdala. The pattern of this DM-like
subnetwork differed from the pattern of the classical DMN,
particularly due to the absence of the medial PFC that, together
with the PCC, reflect the core set of hubs within the DMN
(Andrews-Hanna et al., 2010). However, our findings are in
accordance with previous mTBI studies that also observed a
shift of the DMN toward functional hypoconnectivity within
FIGURE 7 | Recovery in functional and structural connectivity of the initially
impaired subnetworks correlates with task improvement over 1 year
post-injury. (A) Changes in mean functional connectivity within the default
mode-like 15-edge subnetwork are plotted against changes in median
reaction time on the divided attention task. (B) Changes in mean structural
connectivity within the 19-edge subnetwork are plotted against changes in
recalled items on the verbal memory task.
7 days (Iraji et al., 2015; Zhu et al., 2015), within 11 days
(Sours et al., 2015b) and in the semi-acute stage post-injury
(Mayer et al., 2011; Johnson et al., 2012). Some of these
studies did not focus exclusively on connectivity within the
DMN and also demonstrated increased connectivity between
DMN and task-positive networks, or among other brain regions
(Mayer et al., 2011; Iraji et al., 2015). One reason why our
results did not reveal functional hyperconnectivity between
multiple networks may arise from the different method used to
determine the network of interest (ROI-based versus whole-brain
approach). However, other studies examining whole-brain
functional connectivity by means of independent component
analysis, which is not biased by a priori assumptions, detected
profiles of decreased as well as increased connectivity in the same
sample of semi-acutely injured mTBI patients (Shumskaya et al.,
2012; Stevens et al., 2012).
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Structural Connectivity
Secondly, the structural analysis showed increased connectivity
for patients in a 53-edge subnetwork composed of mainly
intra-hemispheric connections and bilateral structures. In part,
these structures were already detected in the functional
connectivity analysis, including bilateral ACC, PCC, precuneus,
STG, TP, and right parahippocampal gyrus. The 53-edge
subnetwork revealed increased connectivity of central hub
areas comprising superior frontal cortex, superior parietal
cortex, precuneus and subcortical putamen, thalamus, and
hippocampus. These specific hub regions were found to be more
densely connected among themselves than to other regions of
the human connectome, suggesting a “rich-club” organization
(van den Heuvel and Sporns, 2011). Highly connected central
hubs of the brain are known to be vulnerable targets susceptible
to disturbance in neurological disorders such as Alzheimer’s
disease (Stam et al., 2009) as well as fundamental for multiple
cognitive functions (van den Heuvel et al., 2009b). Surprisingly,
our findings detected alterations in these densely connected
network hubs, for example, the PCC and ACC, and interestingly
it has been reported that these are affected in moderate/severe
TBI too (Sharp et al., 2011, 2014; Pandit et al., 2013). This suggests
an analogy between the pathomechanisms of mTBI and that of
TBI. Stam considered the selective vulnerability of hub regions
with the mechanism of “hub overload” followed by “hub failure”
(Stam, 2014). In his model, the healthy neuronal network is
illustrated as a hierarchical tree, where nodes at the lowest level
could represent primary sensory and motor regions, while hubs
at subsequent higher levels may represent multi- or supramodal
association areas. Disruption of some nodes diminished their
ability to handle incoming information, resulting in information
traffic being rerouted to nodes higher up in the hierarchy. As a
result, the traffic load of higher nodes increases and is redirected
again to nodes even higher up, until the highest hubs are
reached. This mechanism provokes a hub overload (Stam, 2014).
Our findings of increased structural connectivity in the acute
phase can therefore be explained with a rerouting of damaged
nodes to the highest hubs. To directly compare our data with
studies reporting traditional DTI parameters, we also explored FA
values within the affected subnetwork. The increased number of
streamlines reflected increased FA and this is further supported
by a strong positive correlation between the two measures. In the
extensive DTI literature and as recently reviewed, higher FA is not
uncommon when focusing on the acute mTBI stage (Dodd et al.,
2014; Eierud et al., 2014; Pacifico et al., 2015).
Functional–structural association
Next, we observed a functional–structural relationship
between the altered connectivity patterns. The functionally
hypoconnected and the structurally hyperconnected subnetwork
displayed 12 nodes, but no connections in common. At
first glance, these two findings might appear contradictory.
On the one hand, there is no function–structure overlap
at the connection level, leading to the interpretation that
there is no association between disturbed functional and
structural connections. However, we believe that this alternative
explanation is unlikely; in fact our data also showed that
functional connectivity reductions were associated with
structural connectivity enhancements. In addition, the reduction
of the DM-like subnetwork could be explained by indirect
anatomical connections linked through a third-party region
(Honey et al., 2009). Nevertheless, these 12 nodes within
the DM-like subnetwork were one-to-one mirrored by the
underlying impaired structural network. Numerous studies in
healthy subjects have demonstrated that structural and functional
resting-state connectivity are strongly interrelated, especially
at the DMN level (Hagmann et al., 2008; Greicius et al., 2009;
Honey et al., 2009; van den Heuvel et al., 2009a). Collectively,
decreased functional connectivity within the DMN coupled with
increased structural connectivity between highly central hubs
might be used as a double biomarker in acute mTBI.
Recovery of Functional and Structural
Connectivity
Overall, the group× time interaction resulted in a normalization
of the connections of the patients over the year, characterized
by an increase in functional connectivity and a decrease in
structural connectivity (as well as in mean FA). Nevertheless, the
compensatory reorganization of both functional and structural
subnetworks was not the same for the different interaction
approaches. The selective interaction that tracked the impaired
functional and structural subnetworks found at Visit 1 reached
only a partial normalization, in fact, differences between the
groups weakened over time, but did not completely disappear
until Visit 2. In contrast, the whole-brain interaction revealed
a stronger restoration, marked by pronounced increases in
functional connectivity and pronounced decreases in structural
connectivity of the patients involving numerous nodes and
connections. We attributed these diverse longitudinal scenarios
to the quite dissimilar connections analyzed. In fact, the selective
interaction only accounted for connections damaged within the
first 7 days, whereas the whole-brain interaction accounted for
connections affected later in the course of mTBI. For example,
only two functional connections were shared by the 15-edge
and 59-edge subnetwork resulted from the selective and the
whole-brain approach, respectively. The prominent whole-brain
compensation might be attributable to the local recruitment of
new structural connections. The evolution of mTBI after the
acute stage may reflect a transfer from global to more local
brain communication, since the brain probably starts to reroute
information traffic to nodes at a lower order to alleviate the
hub overload of the highest nodes in the hierarchy (Stam,
2014). As months pass by, this strong local reorganization
might initiate the normalization, leading to a more efficient
balance between local and global information flow. The use
of two complementary interaction approaches showed that
different brain regions need different times to recover. Highly
interconnected hubs of the connectome seem to be the hardest
to fully recover after mTBI. In the literature, connectivity studies
with a follow-up of 1 year after mTBI are challenging to find.
Nevertheless, our results are consistent with prior prospective
studies that reported partial recovery in functional connectivity
after 6 months (Bharath et al., 2015; Sours et al., 2015a) and in
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structural diffusion metrics (decrease in FA) after 3–5 months
(Mayer A. R. et al., 2010; Ling et al., 2012). Other studies
failed to detect longitudinal changes in resting-state functional
connectivity during a 4-month (Mayer et al., 2011) and a 6-month
period (Sours et al., 2015b). A critical distinction with previous
studies that exclusively assessed symptomatic patients in the
chronic stage is further worthwhile, although the findings in
this subset of patients may not be generalized to the entire
mTBI population. Using rsfMRI data, pronounced decrease in
graph properties in frontal regions were found in mTBI patients
with persistent post-concussion syndrome at the late phase
in comparison to patients without complaints (Messé et al.,
2013).
By means of DTI, there is a growing consensus that FA
is decreased in the chronic phase of symptomatic mTBI,
especially in the corpus callosum, fornix, anterior corona radiata,
uncinate fasciculus, inferior longitudinal fasciculus, and in the
cingulum (Niogi et al., 2008; Niogi and Mukherjee, 2010; Eierud
et al., 2014; Dean et al., 2015). Increased mean diffusivity
in similar long association tracts as reported above has also
been found in relation to poor outcome showing that those
patients had greater and wider structural damages at late
phase than patients with good outcome (Messé et al., 2011,
2012).
Although the duration of a full recovery is not yet clear,
the current study suggests that neuroplasticity after mTBI
necessitates more than 1 year to completely restore, both for
structural and functional networks. As already reported in
other studies, our findings are in agreement that residue of
physiological anomalies are difficult to detect with standard
clinical and cognitive assessments, as these symptoms were
mostly already returned to baseline (Zhu et al., 2015). Finally,
the degree to which network recovery differs between patients
with and without persistent symptoms is under debate. At the
functional level, the comparison between patients with and
without PCD revealed no differences at Visit 2, suggesting
decoupling between compensatory brain response to mTBI and
clinical symptomatology. The structural recovery was analogous
for symptomatic and asymptomatic patients when looking at
the whole-brain recovery, but indicated a slight trend toward
distinctive courses when investigating the initially impaired
subnetwork longitudinally. However, here only a handful of
patients (n = 6) demonstrated PCD after 1 year and therefore
a larger sample size is required to verify our findings. Other
factors indirectly related to mTBI such as insomnia, fatigue,
post-traumatic headache, pre-injury problems, or psychological
distress might play a role in the maintenance of protracted
symptoms after mTBI (Zumstein et al., 2011; Silverberg et al.,
2015).
Relationship between Network and
Cognition over Time
Some mTBI studies have supported the relationship between
an anomal pattern of connectivity and poorer cognitive
performance, especially in attention, executive function, and
working memory (Mayer et al., 2015; Dall’Acqua et al., 2016).
Only few studies looked at the correlation between changes in
the brain and changes in cognition over a long time period
(Croall et al., 2014). Above, we showed a longitudinal increase
in functional connectivity within the DM-like subnetwork in
patients interpreted as reflecting recovery, which therefore may
be linked to cognitive improvement. Unexpectedly, we found that
the lower the functional connectivity of the DM-like subnetwork
the better the cognitive performance in a working memory and
divided attention task. This correlation should be viewed in
the context of the ability of the “recovered” DMN to attenuate
its activity during goal-focused tasks (Greicius et al., 2003).
The DMN is a network of functionally connected structures
synchronously activated at rest and during internally directed
processes, but synchronously deactivated during external task
conditions (Raichle et al., 2001). The DMN has an essential
role in cognitive functions and task-evoked activity is intimately
related to functional connectivity identified in the resting brain
(Smith et al., 2009; Laird et al., 2011). Failure to deactivate
the DMN, in particular the PCC as one of its core nodes,
has been associated with poor cognitive performance in mTBI
and TBI, but also in healthy subjects (Weissman et al., 2006;
Leech and Sharp, 2014; van der Horn et al., 2015). Attenuation
of DMN activity in order to allow the task-positive networks
to be activated has been described as load-dependent: the
greater the cognitive effort required from the task the stronger
the inhibition of the DMN (Mayer J. S. et al., 2010). In
line with these observations, we hypothesized that patients
able to robustly inhibit DMN activity performed better in
cognitively high demanding tasks such as working memory and
divided attention. This interpretation has not been explicitly
tested in our study because our patients did not actively
participate in an fMRI experiment that would allow a direct
comparison between their brain activation and their behavioral
responses.
Finally, the finding that decreased structural connectivity
was related to verbal memory and divided attention worsening
over time was puzzling due to its apparent contradiction.
While speculative, we interpreted the decrease in structural
connectivity (measured by both the number of streamlines as
well as FA) as recovery mechanism since the majority of the
patients recovered over time. On the contrary, the literature
indicated that low FA findings are more frequently reported in
association with poor neuropsychological performance in studies
of chronic mTBI (Eierud et al., 2014). Nevertheless, the link
between clinical outcomes and the direction of the FA change
remain controversial and the authors of the meta-analysis also
suggested that factors contributing to increased FA in the acute
phase, i.e., increased intracellular and decreased extracellular
water within the myelin sheath, are no longer valid in the chronic
phase.
This idea is in line with our findings, since the longitudinal
decrease in the number of streamlines over the year corresponded
to a decrease in FA. After 1 year, the premorbid status, in
which high structural connectivity leads to better performance,
was restored again (Tamnes et al., 2011). Interpretations of the
abovementioned correlations have to be done with caution since
they were uncorrected for multiple testing.
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LIMITATIONS AND CONCLUSION
The present study has some limitations that are worth
mentioning. To track the recovery until exhaustion of its
potential, future longitudinal studies should scan beyond 12
months. The small number of mTBI patients (n = 6) having
a PCD in the chronic phase (∼12%) may affect robust
interpretations and compromises the overall generalizability
of the results. Even though this percentage is consistent
with the mTBI literature (Hou et al., 2012), a larger sample
size with symptomatic patients is required to improve the
power of the statistical analysis. In addition, it should be
considered that the patient group consisted of a convenience
sample recruited from four different emergency department
according to the availability of the study team and may not
be representative of the whole mTBI population. At the same
time, the study took advantage of the low long-term dropout
rate, motivated through various incentives including financial
compensation, free transport service and intensive contact
strategy.
Finally, functional and structural alterations of the healthy
subjects over time were somewhat unexpected and have the
potential to complicate our understanding of the group × time
interaction. Studies examining the long-term test–retest
reliability of graph metrics derived from rsfMRI data have
documented heterogeneous results, spanning from low to
high network reliability in young adults (Wang et al., 2011;
Franco et al., 2013; Du et al., 2015). These results are likely
to be dependent on multiple factors such as the network
identification analysis (whole-brain, seed-based or independent-
component analysis) and the definition of long-term reliability.
Even so, other evidence suggests that dynamic changes
in resting-state networks might emerge depending on the
subjective mental state of participants during scanning (Waites
et al., 2005; Newton et al., 2007). A study using a mood-
induction paradigm found increased functional connectivity
with increasing subjective experience of sadness in a paralimbic
network (Harrison et al., 2008). These findings fit well with
the functional hyperconnectivity observed in the DM-like
subnetwork of our controls at Visit 1 involving bilateral
ACC and SMA. Collectively, low test–retest reliability in our
controls might originate from the emotional state related
to the first scan (e.g., anxiety, tension) that was no longer
present at the second scan. In contrast, excessive fatigue and
drowsiness of the patients due to their recent mTBI may have
influenced their dominant subjective state at Visit 1, rather
than any emotional involvement. Finally, change in functional
connectivity within the HC has been previously described in
a TBI study (Hillary et al., 2011). Here—as in our study—the
HC showed a decrease in functional connectivity, whereas the
patients showed an increase between time points (3 months
interval).
Studies on long-term test–retest reliability of network
measurements derived from DTI data throughout adulthood
are still lacking. However, a study examining diffusion MRI
during late adolescence over a 2-year period suggested increased
structural connectivity between frontal and subcortical hubs
(Baker et al., 2015). These authors reported evidence of selective
refinement of connections in healthy adolescents over time
and this maturational process might support the increase in
structural connectivity over the year in our control sample.
Similar observations were made in a recent DTI study in
schizophrenia that employed graph theoretical analysis over a
5-year period and found an increase of nodal efficiency (global
integration) in the healthy controls suggesting maturational
and/or plasticity-related processes in the network as well as in
a cross sectional study examining the structural connectome
of healthy individual between 12 and 30 years that exhibited
increased network integration (Dennis et al., 2013; Sun et al.,
2016). Lastly, confounding sources not completely controllable
affecting intrasession DTI variability include subject head motion
(Jones and Cercignani, 2010; Wang et al., 2012; Jones et al.,
2013). We therefore investigated levels of head motion in
our healthy controls between visits, but did not find any
significant translational or rotational head motions changes
(average volume-by-volume translations p = 0.618 and average
volume-by-volume rotations p= 0.965). We could so ensure that
translational and rotational motions were comparable between
Visit 1 and 2.
Our DTI analysis is based on standard procedures widely used
in clinical settings that, however, have also their shortcomings.
Although the single tensor model cannot deal with voxels
containing crossing fibers, this limitation is present in both
of our groups at both time points and hence should not
bias the group comparisons and interactions reported. We
recognize that there are fundamental limitations on the ability
of tensor-based tractography to accurately estimate complex fiber
configurations and that the use of higher-order tractography
models on diffusion-weighted data such as constrained spherical
deconvolution or automatic relevance determination would be
definitively more favorable (Behrens et al., 2007; Tournier
et al., 2007). These more sophisticated reconstruction algorithms
clearly demonstrated fiber tracts more accurately in the presence
of multiple fiber populations within a voxel (Farquharson et al.,
2013; Jeurissen et al., 2013). Therefore, the results derived from
DTI need to be interpreted with caution. For future diffusion
imaging projects, we considered to apply superior diffusion
models for the downstream processing as well as newer analysis
tools such as MRtrix3.
Finally, linear “eddy_correct” to correct for eddy current-
induced off-resonance field is widely used in clinical settings.
Although we found equivalent effect on the structural
connectome across the different corrections (eddy and
eddy_correct), recent publications revealed that this model
is insufficient for diffusion data measured with high-b-values
and that a higher order model performs better (Yamada et al.,
2014; Andersson and Sotiropoulos, 2016). Future diffusion
imaging studies should employ the eddy and topup tools, which
offer superior correction for distortion and will provide more
accurate insights into the structural network alterations following
mTBI.
In conclusion, the current study demonstrates the
involvement of networks similar to the DMN and of central hub
areas in the pathophysiology of mTBI. Functional and structural
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compensatory processes differ between brain regions with respect
to their time course and are not completed after 1 year, in
particular when central hubs are involved. It remains unknown if
the impaired functional and structural network connectivity will
ever reach the premorbid level. This multimodal study highlights
for the first time the importance of scanning the brain over
a longer period than 1 year post-injury. Future longitudinal
investigations should extend the time horizon to track down
the full dynamics of neuronal plasticity, which could be used
by clinicians to update their management, intervention and
prevention after a single or repeated mTBI.
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